This paper aims to demonstrate the relevance of membrane bioreactor (MBR) technology for the reduction of the environmental footprint of wastewater treatment in terms of removal of microbial and organic trace pollutants with increased reliability of operation. The application of a holistic approach using failure mode analysis, life cycle analysis (LCA), water quality fingerprints and environmental impacts underlines the lower environmental footprint of MBRs compared with conventional activated sludge. Several elements of this empirical approach can be included to upgrade the existing LCA tools in order to include the reduction of eco-toxicity, better human health protection and water reuse.
INTRODUCTION
The beginning of the 21st century has been marked by an unprecedented pressure on natural resources. Climate change, protecting biodiversity and safeguarding natural resources have become major issues requiring effective, tangible solutions. Faced with these pressing challenges, Suez Environment has launched the EDELWAY program, and is taking action together with local authorities to reconcile economic growth and environmental performance in favour of genuinely sustainable development. In the frame of this global program, a large collaborative project has been performed in the period of 2006-2008 on the relevance of membrane bioreactor (MBR) technology for the reduction of the environmental footprint of wastewater treatment, including the production of high-quality recycled water for multi-reuse purposes, better protection of biodiversity by improved reliability of operation and enhanced removal of trace organics and emerging pollutants, as well as optimisation of energy and local water resources to preserve the local natural heritage.
During the last twenty years, MBR technology rapidly evolved from a leading-edge technology to a viable costcompetitive alternative of conventional biological treatment (Jude ). Several thousand MBR systems are actually in operation worldwide, from which over 300 industrial and about 100 municipal wastewater treatment units are implemented in Europe (Lesjean & Huisjes ) . Recent market forecasts confirm the high growth of this technology during the next 10 to 20 years.
In Europe, energy consumption is one of the major elements of operation costs of wastewater treatment with typical values of 25 ± 5% for biological treatment with carbon and nitrogen removal (Med-WHO ) . Energy consumption increases by 50-70% the operation costs for systems with tertiary treatment and disinfection, MBRs and membrane polishing. Typical values of energy demand of MBR systems are in the range of 0.7 to 1.6 kWh/m³ (Brepols ; Krzeminski et al. ) , which is 20 to 50% higher than conventional activated sludge (STOWA ; Lazarova et al. ) . In conditions of accelerated and sustained growth of MBR technology over the next decade, one of the major challenges for operation of MBR systems is and will be the optimisation of energy consumption with, as a major objective, the improvement of energy efficiency.
Because of the high energy consumption of MBR systems, life cycle analysis (LCA) has shown a lower ecoefficiency of this advanced treatment when compared with conventional activated sludge (CAS) (Foley et al. ; Renou et al. ; Wenzel et al. ) . Nevertheless, it is important to underline that the choice of environmental indicators determines the final results of LCA. For example, the avoided impacts on ecotoxicity due to the best removal of priority substances in MBR systems are often underestimated (Høibye et al. ) . Nevertheless, these prevented impacts can overbalance the induced impacts on global warning due to energy consumption, when the removal of organic micropollutants and heavy metals are considered. In addition, the ability to produce high-quality water for various beneficial reuse purposes is not included at all.
The main objective of this paper is to present and discuss these issues and propose some additional global indicators for the better assessment of the environmental footprint of MBRs, including their contribution to water reuse development.
METHODOLOGY

Assessment of reliability of operation of MBR and risk for failure of water quality
Despite the strong interest of researchers in this technology and the significant operational experience, very little information exists on the causes of failure of MBR systems. It is worth noting that the main technical challenge is the control of membrane fouling. Nevertheless, the main causes for failure of full-scale MBRs for treatment of industrial or municipal wastewater are not well understood, documented and explained. In this context, a long-term investigation was carried out in France and Spain. Four full-scale municipal wastewater treatment plants with submerged hollow fiber membranes and four full-scale side stream ceramic MBRs for industrial wastewater treatment have been monitored to evaluate the treatment efficiency, reliability of operation, fouling control and the main reason for system failure. For municipal wastewater treatment, only the submerged MBR systems Zenon (ZeeWeed 500c, d) were selected for this study (Figure 1 ). Side stream MBR industrial wastewater treatment plants using ceramic Kerasep membranes were investigated. The compliance of water quality of municipal MBR systems was compared with those of conventional activated sludge plants, operated at similar loading rates.
To help collect the needed information, the MBR units were divided into typical functional elements and subelements. The technical performance was evaluated on the basis of reliability of operation, lifetime of equipment, ease of operation, odour control and potential for elimination of emerging pollutants. The analysis of the reliability of operation of MBR systems, in terms of observed failures or likelihood of failure and their potential impact, was assessed by several meetings with plant managers and operators on a formal and informal basis.
The reliability of operation was estimated using failure mode analysis in compliance with the main findings of the Failure Mode Effects and Criticality Analysis (FMECA) tool (Lazarova et al. ) . It is based on the evaluation of the major consequences of failures, including environmental pollution, consent exceedance, volume compliance, odours, unsatisfactory sludge disposal, bathing beach failures, health and safety, reputation and adverse public perception, financial impacts (direct costs of repair, excess costs, loss of income) and contract failure. Each consequence includes several important impacts, which are rated by a relative score related to defined economic value. Failure modes are then prioritised as a function of their probability, severity and detectability. Based on this prioritisation and the associated technical-economic analysis of all potential failures of a given MBR, actions were recommended to prevent failure or to reduce the likelihood of failure occurring.
The risk related to the selected failure modes are presented by the risk matrix and the calculation of the risk Figure 1 | View of the investigated ceramic and submerged organic MBR system used for industrial and municipal wastewater treatment, respectively. priority number (RPN) using the following equation:
where: all ranks are given on a scale of 1 to 10; O: is the rank of the occurrence of the failure mode; S: the rank of severity; D: the rank of the likelihood to detect the failure before any very strong impact. The smaller the RPN, the better is the reliability of any equipment, system or process.
Assessment of chemical and microbial fingerprint of MBR effluents
The impacts on biodiversity, human health and environment were evaluated by the establishment of the chemical and microbiological fingerprints of one fullscale municipal MBR system with design capacity of 6,250 m 3 /d (24,000 p.e. (people equivalent)) equipped with submerged hollow fiber membranes ZeeWeed 500d. The MBR plant was operated with F/M ratio of 0.05 ± 0.01 kg BOD/(kg MVS·d), sludge concentration of 6 ± 1 g/L, sludge age 25-40 d and mean membrane flux of 23 L/h-m 2 at 20 W C.
The chemical fingerprint of the MBR process was established with respect to its efficiency for the removal of 100 organic priority substances and other relevant emerging pollutants and compared with the performance of CAS. Although the fate of some organic contaminants during wastewater treatment has been already documented in the scientific literature (Snyder et al. ; Zuehlke et al. ; Joss et al. ) , the reported removal efficiencies are quite variable with lack of data on potential accumulation in sludge. In this study, special care was taken to obtain extended information about process conditions, to ensure the reliability of the sampling and analysis and to evaluate global removal efficiencies, taking into account the transfer of micropollutants to sludge (Martin Ruel et al. ). Mass balances were performed based on measurements on the influent, effluent, waste activated sludge and return of sludge dewatering during two successive 24-h periods under dry weather flow conditions, with refrigerated samplers equipped with Teflon pipes and glass containers. Strict procedures of cleaning, sampling, and field blanks were carried out (US Geological Survey ). Seven methods were developed for the organic micropollutant analysis of: eight polycyclic aromatic hydrocarbons (PAHs), two plasticisers (DEHP, bisphenol A), seven volatile organics (VOC), eight chlorophenols, seven flame retardants (PBDEs), nine specialized chemicals (including C10-C13 chloroalcanes, chlorobenzenes and triclosan), 17 pesticides belonging to different classes and two antibiotics (Martin Ruel et al. ) . Soluble and particulate phases were analysed in wastewater, except for VOCs (only raw samples). Particulate phases were analysed in sludge.
The microbial fingerprint of MBR effluents was evaluated by means of the most recent development in molecular detection technology, the quantitative on-line polymerase chain reaction (PCR) and DNA arrays/DNA chips (Courtois et al. ) . This innovative tool offers the great opportunity to obtain valid data on the occurrence of emerging pathogens. Although microbiological monitoring generally requires collections of large sample volumes with specific filter systems for each type of microorganism, universal concentration procedure based on ultrafiltration was used. The list of the detected organisms includes six bacterial taxons (Escherichia coli, Escherichia coli O157:H7, Salmonella spp., Pseudomonas aeruginosa, Legionella spp. and L. pneumophila), three human enteric viruses (Enterovirus, Hepatitis A, Norovirus) and two parasites (Cryptosporidium spp./C. parvum and Giardia lamblia).
LCA analysis
LCA has been used by researchers to understand environmental impacts of different alternatives to gain information useful at a policy level. In this study, LCA was performed for an on-going full-scale project in France to compare MBR and CAS technologies and their environmental impacts. The water quality objective was only to achieve a compliance with the EU Directive CEE/271/91 (European Union ) for the removal of carbon and nitrogen, without any requirements for disinfection and reuse. The LCA was performed using the software TEAM ® of Pricewaterhouse-Coopers and the software database DEAM (Weibel ). The service chosen for this study is to 'Treat an annual volume of 1.92 million m 3 of wastewater entering the wastewater treatment plant (WWTP)'. The impacts taken into consideration are land use, acidification, greenhouse effect, resource depletion, eutrophication and ecotoxicity (soil, surface water and seawater). All indirect emissions related to the production of consumables and transport are taken into account (Table 1) . Similarly, sludge disposal is also included in the quantification. In contrast, the other by-products (sand and grits from screening) are produced in identical quantities. Final disposal and dismantlement of the WWTP was not taken into account.
Assessment of environmental footprint
The major limitations of LCA are that it does not account for risk assessment, human health impacts, nuisances, economic effects and reliability of operation, in particular system failures. Another indicator is the ecological footprint, which is widely used as an indicator of environmental sustainability (Rees ) . Ecological footprint analysis compares human demand on nature with the biosphere's ability to regenerate resources and provide services, expressed as bio-equivalent hectares consumed. This indicator has also a number of drawbacks, and does not take into account the benefits of water reuse or other environmentally friendly options such as organic farming.
To overcome the gaps of the LCA and ecological footprint indicators, an empirical approach that is commonly used by consultant engineers is proposed, to better evaluate the environmental footprint of various wastewater treatment technologies. In addition to the LCA, other technical performances are included such as the reliability of operation, lifetime of equipment, ease of enclosure for odour control, health hazards (disinfection and removal of organic micropollutants), as well as capital and operation costs.
To illustrate this methodology, a case study was used from a recent project in France. The weighting factors were fixed by the client in the specifications for the project tender. In addition to the LCA for the comparison of technical options and costs, it was requested to consider the plant footprint, odour control and the removal of emerging parameters for the preservation of biodiversity. The possibility of water reuse was not mentioned, but an additional parameter for reliability of operation was also included.
It is important to underline that this empirical approach is widely used for comparison of the proposed treatment options and costs during the tender's evaluation. However, the selected parameters with the associated weighting factors are, as a rule, case specific and vary from one project to another.
RESULTS AND DISCUSSION
Main factors for failure of MBR systems
The analysis of the technical performance of the studied membrane facilities confirmed that MBR operations are more reliable than conventional biological treatment. All studied municipal MBRs are located in sensitive areas (bathing zones, water reuse for aquaculture) in which any water quality non-compliance could lead to a crisis situation with hefty financial penalties. The financial and environmental consequences of any industrial MBR plant that treats heavily polluted leachate, if it fails, would be also very high. For each MBR unit, a risk matrix for the selected functional elements was built depending on the frequency and impact of failures (Table 2) . The occurrence and the severity of failures are classified from very unlikely to frequent with rankings from 1 to 10.
When the third factor of detectability is added to calculate the RPN, the ranking of failure modes evolves as shown by Figure 2 comparing municipal submerged MBRs and industrial ceramic side stream MBRs. In all cases, the biggest RPN is calculated for the clogging of micro-sieves and the faults of PLC and SCADA systems, characterized by high frequency and difficult detection. Membrane fouling remains a high risk for organic and ceramic membranes.
For both organic and ceramic membranes, pretreatment is the crucial element for the reliability of operation and fouling protection. Clogging of micro-screens is detected as the major failure mode for all the investigated MBR systems. The major consequence of faulty pretreatment is the accumulation of hairs and rags on membrane fibers inducing accelerated fouling and risk for membrane damage and/or decrease of membrane lifetime.
Good aeration during the biological treatment is another important factor that affects membrane performance. Any deterioration of activated sludge flocs, with the release of colloids and soluble microbial products due to fermentation, peaks of salinity or toxic shock loading, leads to loss of membrane permeability and membrane fouling. Compared with conventional activated sludge, poor characteristics of the mixed liquor does not significantly affect permeate quality in terms of compliance with discharge consents. For this reason, MBR systems are considered to be more efficient and reliable. Nevertheless, it is important to stress that the lifetime and permeability of membranes can be reduced, impeding their technical-economic performance.
LCA analysis and environmental footprint of MBR system
The LCA analysis using the Intergovernmental Panel on Climate Change (IPCC) coefficients has shown that the impacts of the MBR and activated sludge (CAS) on greenhouse gases are comparable (Figure 3 ). In the case of MBR, energy consumption is more important, but that is largely offset by the lower impact on the aquatic toxicity. Impacts on eutrophication and human toxicity are similar (data not shown).
Improving the quality of aquatic environments and better health protection are the main targets of sanitation and should be considered as the most discriminating factors in LCA analysis of alternative solutions of wastewater treatment. From this point of view, MBR has lower impact, due to the improved removal of organic nitrogen and phosphorus from suspended solids.
If we analyse in more detail the residual micropollutants i.e. pharmaceutical and personal care products (PPCPs), only 21 substances were quantified at the inlet of the MBR plant at concentrations varying from 27 mg/L to 10 ng/L. Removal efficiencies were more than 20% higher at the MBR plant than at six activated sludge plants studied for 19 substances (Figure 4) , although the sludge age was ) . The large confidence interval associated with activated sludge data indicates that other factors than mass load influence the removal efficiency, in particular sludge age. The increased efficiencies in the MBR facility appears clearly for adsorbable substances like decabromodiphenylether or lead, probably due to a higher sludge concentration in the biological tanks of the MBR process. The most significant improvements appear for substances only partially removed (trichlorobenzene, naphthalene, chlorpyrifos, sulfamethoxazole) during activated sludge processes.
As a rule, organic micropollutants and heavy metals are not included in the environmental assessment by the LCA tools, mostly because of the lack of data. Nevertheless, as demonstrated by Wenzel et al. () , the environmental impacts of MBRs induced by energy consumption may be counterbalanced by the avoided impacts on ecotoxicity when considering the removal of only six substances or groups of organic pollutants and eight heavy metals.
It is important to underline that the existing LCA tools and reported environmental assessments are not considering the disinfection capacity of MBRs and advanced treatments, which is important for the protection of human health and water recycling. In this study, it was demonstrated that the microbial fingerprint of MBR effluent was significantly better than river water quality (Table 3 ) and can be considered as completely disinfected effluent compared with CAS (none of the 11 pathogens was detected). Nevertheless, the monitoring of the water in the plant permeate network indicated the presence of a few bacterial colonies of E. coli, Pseudomonas aeruginosa and Legionella spp. due to biofilm development. This microbial contamination and growth was eliminated by means of pipe flushing with chlorine addition.
On the basis of the failure mode analysis, LCA, water quality fingerprints and technical performance of MBR, a tentative weighted ranking of the environmental footprint was proposed and compared with conventional activated sludge. Capital and operation costs were estimated for the same project used for LCA analysis. For each criterion, a relative score of 1 (not favourable) to 10 (most favourable) was assigned to each alternative. The raw scores are multiplied by the weighting factors to amplify the impact of the most important criteria. The weighting factors were adapted from the tender's specifications. In this case, stringent water quality requirements were fixed giving increasing importance of reliability of operation. For this reason, the weighting factors for water quality and reliability of operation were similar to those for capital and operation costs, including energy consumption. As shown in Table 4 , MBR becomes a more competitive option than conventional activated sludge when stringent requirements exist for process reliability, disinfection and/ or removal of emerging pollutants for improved health and environment protection, as well as better odour control (enclosure of treatment facility for air extraction and treatment). Despite the limited lifetime of membranes and still relatively higher operation costs (mainly for energy consumption and membrane replacement), MBR is becoming a viable option for wastewater treatment.
CONCLUSIONS
The increasing efforts to reduce environmental impacts of our society focus mostly on energy consumption and CO 2 and other greenhouse gas emissions. When considering only these aspects by means of LCA analysis, the new MBR technology appears as not such a good alternative to conventional activated sludge. The major drawback of LCA is that it does not take into account water reuse and/or removal of micropollutants, and consequently the avoided negative impacts on public health and environment. On the other hand, when the major objective of wastewater treatment is taken into consideration, i.e. the reduction of toxic micropollutants, the benefits of MBR for the reduction of aquatic toxicity and eutrophication can easily outweigh the negative impacts of energy consumption.
The results of this study indicate that only the application of a holistic approach using failure mode analysis, LCA, water quality fingerprints and all environmental impacts enables the assessment of the environmental footprint of advanced wastewater treatment technologies. The proposed ranking remains highly subjective even if this approach is commonly applied to compare wastewater treatment alternatives. The choice of parameters to be included and the weighting factors are usually defined on a case by case basis. Research efforts are required to elaborate new models and software with a scientific approach for the evaluation of wastewater treatment trains.
It is important to stress that more work is required on human and ecosystem health indicators to make stakeholders fully confident in the presented results. Current impact assessment methods, in particular LCA analysis, do not converge toward similar results, especially when ecotoxicity is considered. In addition, reliability of operation and failure mode analysis need to be included as indicators of the ability to ensure consistently the required water quality and better sustainability of wastewater treatment technologies. Capital and operation costs should be estimated to check the economic viability of the system. Finally, new factors such as noise and odour control have to be included in the assessment of the environmental footprint of wastewater treatment options. Maximum possible points 10.
